Human placental alkaline phosphatase (EC 3.1.3.1) was inactivated by periodate-oxidized AMP. The inactivation showed saturation kinetics and could be partially prevented by the substrate AMP or the product inhibitor inorganic phosphate. Oxidized AMP was itself a substrate for this enzyme, with an apparent Km of 0.67mm. The hydrolytic products of oxidized AMP were identified as oxidized adenosine hemiacetals. Oxidized AMP was also found to be a non-competitive inhibitor with respect to p-nitrophenyl phosphate, with identical Kis and K;, values of 0.15 mm. Our results indicate that oxidized AMP could combine with the enzyme to form a binary complex, followed by reaction with the proximal lysyl amino group to yield a Schiff base. The latter was reduced with NaBH4 and identified by t.l.c. The incorporation of only 1.5 molecules of oxidized [14ClAMP per enzyme subunit resulted in a complete inactivation of the enzyme. The modified enzyme showed higher apparent Km for the substrates and higher K1 for inorganic phosphate, but lower [32P]phosphate incorporation, than the native enzyme. These results support the conclusion that a lysine residue is involved in the phosphate-binding site of human placental alkaline phosphatase.
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Chemical modification with group-specific reagents is widely used in the study of structurefunction relationships of enzymes and other functional proteins. The major limitation of many modifying reagents is the lack of active-site specificity. To solve this problem, the concept of 'affinity label' was developed, and many active-site-directed reagents were introduced (for reviews see Singer, 1967; Shaw, 1970) . However, most affinity labels still lack group-specificity. The exact amino acid residue modified has to be determined individually. Oxidized nucleotides have been introduced (Rippa et al., 1975; Ranieri-Raggi & Raggi, 1976) as enzyme-modifying reagents and proved to be sitespecific reagents with group specificity. In the present paper we report the interactions between oxidized AMP and human placental alkaline phosphatase (EC 3.1.3.1). Both site-and group-specificities were demonstrated. A preliminary report has been presented (Chang et al., 1981) .
Experimental

Materials
Crude human placental alkaline phosphatase, p-nitrophenyl phosphate, a-naphthyl phosphate, AMP, adenosine, sodium periodate, Sephadex G-10, . The homogeneity of the purified enzyme was as a routine checked by polyacrylamide-gel electrophoresis.
[32p]p was prepared from [32p]ppI by hydrolysing the latter with 2M-KOH in a boiling-water bath for 2h. After being neutralized to pH8.0, the solution was applied to a Dowex-1 column (0.9cm x 10cm) and washed with water.
[32p]p1 was eluted by 50mM-HCI and neutralized to pH7.5. Under these conditions PP1 was still bound to the column and could only be eluted by 100mM-HCl.
Enzyme assay
Enzymic activity was measured spectrophotometrically in a Gilford 250, Beckman 24 or Varian 635 spectrophotometer. The reaction mixture consisted of 5OmM-Na2CO3/NaHCO3 buffer, pH 9.8, containing 10mM-MgCl2 and 10mM-p-nitrophenyl phosphate in a total volume of 1 ml. The release of p-nitrophenol was monitored continuously at 4 10nm. A unit of enzyme activity is defined as the amount that catalyses the hydrolysis of l yumol of substrate/min under the assay conditions. Protein determination Protein concentration was determined spectrophotometrically at 280nm, assuming an absorption coefficient of 1.0 for a 1 mg/ml solution . For the stoicheiometry study, the protein was determined by the use of Coomassie Blue (Bradford, 1976) . M 115 000 (Sakiyama et al., 1979) was used for calculation of the enzyme concentration.
Preparation ofoxidized AMP
Oxidation of AMP by NaIO4 was performed essentially as described by Easterbrook-Smith et al. (1976) . However, we found that further purification of the oxidized AMP by Sephadex G-10 chromatography was not necessary, because all preparations were homogeneous as shown by t.l.c. in two solvent systems (Chang et al., 1981) . Furthermore, in the control experiment, the reagent mixture (containing NaIO4 and excess of ethylene glycol but without AMP) caused no inactivation of enzyme activity, indicating that all NaIO4 has been consumed by ethylene glycol and that the latter has no effect on enzyme activity.
Oxidized adenosine and radioactive oxidized AMP were prepared from adenosine and [U-14C]-AMP (513 Ci/mmol) respectively by the same procedure.
Modification of alkaline phosphatase with oxidized
AMP
The enzyme was incubated with different concentrations of freshly prepared oxidized AMP in 20mM-sodium borate buffer, pH 7.5, at 370C. Immediately after the addition of the reagent to the enzyme solution, a sample was withdrawn and assayed for the zero-time phosphatase activity. At intervals samples of the reaction mixture were removed and immediately assayed for enzymic activity. Protection experiments were similarly performed with further addition of substrate or inhibitor before the oxidized AMP.
Identification of the hydrolytic product from oxidized AMP
The hydrolysis of oxidized AMP by alkaline phosphatase was performed as described for the regular enzyme assay except that the substrate was replaced by oxidized AMP and the phosphate released was determined by the Fiske & SubbaRow (1925) [32PlPhosphate-incorporation studies
The native and modified alkaline phosphatases were labelled with [32p]p1 (98 x 106 c.p.m./mmol) at pH 5.0 at 0°C for 10min as described by Milstein (1964) . After exhaustive dialysis against water, the covalently bound [32P1P1 was determined.
Results
Oxidized AMP as a substrate for human placental alkaline phosphatase
Oxidized AMP, an analogue of the substrate AMP with the aldehyde groups at the 2'-and 3'-positions of the ribose moiety (cf. Scheme 1), was hydrolysed by alkaline phosphatase. The release of P1 was determined by the Fiske & SubbaRow (1925) method. The reaction was linear with time and enzyme concentration. The reaction was activated by Mg2+ and inhibited by high concentrations of EDTA. The apparent Km for oxidized AMP was 0.67 mm, which was much lower than that for AMP (3mM). The other hydrolytic product was identified as oxidized adenosine hemiacetals by t.l.c. in two solvent systems. Oxidized AMP shows only one spot in both solvent systems. The RF values were 0.31 and 0.64 respectively in solvent systems 1 and 2.
The hydrolysed mixture and the oxidized adenosine, on the other hand, gave two spots with identical RF values (0.15 and 0.26 in solvent 1; 0.5 and 0.58 in solvent 2) in both chromatograms. The two spots probably represent the two isomers of oxidized adenosine hemiacetal. As shown in Scheme 1, stable six-membered intramolecular hemiacetals resulting from the reaction between the 5'-OH and 2'-CHO groups were assumed. During the hemiacetal formation, a new chiral centre (2') was created, and thus we have a-and fl-isomers corresponding to the two spots.
Oxidized AMP as an inhibitor for human placental alkaline phosphatase
The hydrolysis of p-nitrophenyl phosphate by alkaline phosphatase was inhibited by oxidized AMP. The inhibition showed a classical non-competitive pattern ( Fig. 1) with identical inhibition constants for slope and intercept (Kis and K11) of 0.15 mM (Fig. 1 inset) . The study of inhibitory action of AMP hydrolysis by oxidized AMP or the oxidized AMP hydrolysis by p-nitrophenyl phosphate were precluded by the fact that both are substrates, and the Pi released from the inhibitor will interfere with the analysis of the P1 from the substrate. kinetics. A plot of inactivation half-time (t0.5) against the reciprocal of oxidized AMP concentration was linear (Fig. 2) Kinetic properties ofthe modified enzyme We have previously shown that oxidized-AMPmodified enzyme has an increased electrophoretic mobility and a higher Km value for substrates (Chang et al., 1981) . The Vmax was decreased, however (Table 1) . P1 is a competitive product inhibitor for this enzyme. Its inhibition constant (Ki) was found to be increased from 0.35 to 2.1 mm after 82% inactivation. These results suggested that the binding affinities between the enzyme and the substrate or inhibitor were decreased after modification. The kinetic parameters of the native and modified enzyme are summarized in Table 1 .
It was found that alkaline phosphatase could be specifically labelled at a serine residue with [32p]pI (Engstr6m, 1961a,b) . We have checked this property of the enzyme after modification. The native enzyme incorporated 0.73 molecule of [32plpI/ enzyme molecule, whereas the incorporation of [32p]p1 into the modified enzyme was only about 19% of that in the native enzyme. Vol. 199
Discussion
Results obtained in the present study indicate that oxidized AMP is a unique reagent for human placental alkaline phosphatase. It is a substrate and an inhibitor, as well as an affinity label. Oxidized AMP can form a binary complex with the enzyme. Then the bound reagent may be hydrolysed to give P, and oxidized adenosine. The latter further cyclizes to give oxidized adenosine hemiacetals. Alternatively the reactive aldehyde groups of the bound reagent may react with the amino group of the lysyl side chain to give a Schiff base and result in enzyme inactivation. The reaction products of both routes have been identified. Clues for these two routes came from the inactivation experiments. It was found that the kinetics of the inactivation were not consistent with any simple scheme. The inactivation proceeded rapidly in the beginning, until about 50% activity was lost. The inactivation rate then slowed down, but further inactivation could be observed when fresh oxidized AMP was added into the reaction mixture. We also observed that P1 was released during the inactivation process, indicating the hydrolysis of oxidized AMP. Mg2+ may be one of the factors that influence the bound reagent to function as a substrate, or as an inactivator. In the presence of Mg2+, the hydrolysis of oxidized AMP may be accelerated.
When Chang & Huang, 1979) . In three cases, the amino acid residue that reacted was identified to be the lysine residue (Easterbrook-Smith et al., 1976; Dallocchio et al., 1976; Bellini et al., 1979) . We have also demonstrated in the present study that lysine was the only amino acid residue that reacted with oxidized AMP. Several lines of evidence also suggest that oxidized AMP is an affinity label of this enzyme: (a) inactivation by oxidized AMP exhibits saturation kinetic behaviour; (b) it is a substrate for this enzyme and a non-competitive inhibitor with respect to p-nitrophenyl phosphate; (c) the inactivation is partially protected against by substrate or P1; (d) incorporation of only 1.5 molecules of the reagent/enzyme subunit resulted in a complete inactivation of the enzyme. The large incorporation of [14CIAMP would tend to make the incorporation result unreliable. The nature of this incorporation of AMP is unclear at this moment. However, the small number of incorporated oxidized [14C]AMP molecules/subunit together with the group-specificity led us to conclude that oxidized AMP is an excellent modifying reagent for lysine residues. It has the advantage of both group-and site-specificities. The availability of this reagent provides a good tool for exploration of the geometry of the active centre of this enzyme. Lysine residues have been suggested to be involved in the substrate-binding of human placental alkaline phosphatase (for reviews see Fishman & Ghosh, 1967; Fishman, 1974) . Our kinetic and phosphate incorporation results also indicate the same conclusion. The binding affinity between the modified enzyme and substrate is probably decreased, as reflected by the higher Km value. The fact that the dissociation constant of the enzyme-Pi complex (Ki) was increased 6-fold for the modified enzyme with 18% residual activity strongly suggests the interaction between the positively charged c-amino group of the lysine residue and the negatively charged phosphate group of the substrate. Direct evidence was provided by the phosphorylation experiments. The incorporation of [32P]-P, into the enzyme molecule was much less after modification. The positively charged amino group of the lysine residue has been replaced by a negatively charged phosphate group in the bound oxidized AMP molecule. Charge repulsion was assumed to be the cause of the lowered affinity between substrate and the modified enzyme. However, since oxidized AMP is a bulky molecule, steric effects could not be completely ruled out.
